Obesity and the metabolic syndrome and their associated morbidities are major public health issues, whose prevalence will continue to increase in the foreseeable future. Aberrant signaling by the receptors for leptin and insulin plays a pivotal role in development of the metabolic syndrome. More complete molecular-level understanding of how both of these key signaling pathways are regulated is essential for full characterization of obesity, the metabolic syndrome, and type II diabetes, and for developing novel treatments for these diseases. Phosphorylation of proteins on tyrosine residues plays a key role in mediating the effects of leptin and insulin on their target cells. Here, we discuss the molecular methods by which protein tyrosine phosphatases, which are key physiological regulators of protein phosphorylation in vivo, affect signaling by the leptin and insulin receptors in their major target tissues.
INTRODUCTION
The burden of obesity is increasing worldwide and is expected to continue to rise with the spread of Western-type sedentary lifestyle. Obesity is associated with a cluster of risk factors for cardiovascular disease and type 2 diabetes mellitus, which have become known as the metabolic syndrome. In addition to obesity, these risk factors include characteristic dyslipidemia (raised triglycerides and lowered high-density lipoprotein cholesterol), raised fasting glucose and elevated blood pressure [1] . The abnormal glucose and lipid homeostasis that characterizes the syndrome includes increased adipose tissue lipolysis, increased hepatic glucose production and hepatic lipogenesis, decreased clearance of triglyceride-rich lipoproteins, and decreased glucose uptake in muscle. The pathophysiology of the metabolic syndrome is complex and only partially understood, but there is ample evidence to suggest that defects in insulin and leptin signaling in target cells of these hormones lead to obesity and to abnormal glucose and lipid homeostasis that characterize the syndrome [2] [3] [4] Individuals who suffer from the metabolic syndrome exhibit resistance to the effects of leptin and insulin, manifested as reduced response by the target cells to the action of these hormones. Resistance affects both the molecular processes that are initiated by the leptin and insulin receptors (LR, IR, respectively), as well as the subsequent physiological responses of these cells. For example, insulin is a potent inhibitor of lipolysis and of release of free fatty acids (FFA) from adipose tissue. In the insulin-resistant state the ability of insulin to inhibit lipolysis is impaired, leading to increased influx of FFA to the liver and development of liver steatosis. Human studies using euglycaemic hyperinsulinaemic clamp techniques demonstrate that in affected individuals, glucose uptake by the muscle is reduced due to attenuated response of the cells to the hormone. If pancreatic beta cells cannot produce more insulin to compensate, this will lead to hyperglycemia [4] . As resistance to insulin and leptin plays a pivotal role in several common diseases including obesity, type II diabetes, cardiovascular diseases, non-alcoholic fatty liver disease, certain types of cancer, and even Alzheimer 9 s disease [5, 6] , understanding of the molecular bases of insulin and leptin resistance and developing novel treatments that target them can have a meaningful effect on public health.
Tyrosine phosphorylation of proteins plays a central role in mediating the cellular effects that follow activation of the leptin and insulin receptors. Here, we outline the role of protein tyrosine phosphatases (PTPs), which are central regulators of protein phosphorylation, in regulating IR and LR signaling.
PTPS
Phosphorylation of proteins is among the best-studied mechanisms for regulation of protein structure and function in cells and organisms. Despite being a minority of phosphorylation events in eukaryotic cells, tyrosine phosphorylation plays a critical and well-established role in regulating cellular processes [7, 8] . Phosphorylation of tyrosine residues in proteins is a reversible process. Phosphorylation is carried out by protein tyrosine kinases (PTKs), while dephosphorylation is performed by PTPs; PTKs and PTPs act together to regulate phosphorylation levels of their substrates. The human genome contains 90 PTK genes and over 100 genes that encode PTPs; of these, 85 and 81 genes, respectively, produce products that target protein substrates [9] [10] [11] . Both enzyme families are therefore much smaller than the number of known and hypothesized phosphorylation sites that they regulate. Consequently, each PTK or PTP usually targets more than a single substrate and carries out distinct physiological roles in different cell types.
The first report of purification and characterization of a tyrosine phosphatase, PTP1B, was published in 1988 by Nicholas Tonks and Edmond Fischer [12, 13] . An outburst of cloning and characterization studies of PTPs soon followed and resulted in our current understanding that PTPs form a large superfamily of enzymes with high activity and specificity in vivo. Of the slightly more than 100 PTP genes known, 38 belong to the ''classical'' PTP family whose members target phosphotyrosine exclusively. A second major group encodes enzymes that dephosphorylate both tyrosine and serine/threonine residues (the dual-specificity phosphatases, DUSPs). Additional PTPs include the low-molecular weight (LMW) phosphatase and Cdc25 phosphatases [9] [10] [11] 14] . Classical PTPs can be further classified into receptortype and non receptor-type families, and either family can be subdivided further according to structural and sequence similarities among its members. Receptor-type PTPs (RPTPs) contain an extracellular domain of varying length and structure, a membrane-spanning domain, and one or two cytosolic PTP domains that either carry out catalysis or regulate it. Although the structures of the extracellular domains of RPTPs resemble those of receptor-type PTKs, few ligands of RPTPs are known. Non receptor-type PTPs typically include a single PTP domain that is flanked by other protein domains, which control the subcellular localization of the enzyme or regulate its activity [9, 11] . Each PTP includes one or two PTP domains of approximately 240 amino acids, which include the HCXXXXXR PTP signature motif. When two such domains are present in a single PTP, the first membrane-proximal domain is active while the second PTP domain often fulfills regulatory roles. PTPs dephosphorylate their substrates in a two-step mechanism that is centered around a conserved critical cysteine residue. Initially, a covalent bond between the sulfur atom of this cysteine and the phosphorous atom of the phosphate group of its phospho-tyrosine substrate is formed. During this step the bond between the phosphate group and the tyrosine residue of the substrate protein is broken, and the dephosphorylated protein is released. The PTP-phosphate bond is then hydrolyzed, releasing the phosphate group and regenerating the active PTP [10, 15] . Recent studies have elucidated the molecular roles of individual PTPs in specific physiological processes such as cellular transformation, differentiation, immune function, bone structure, and others, from which it is clear that PTPs target specific substrate molecules and perform discrete physiological roles. The reader is referred to several recent reviews that discuss the physiological roles of PTPs and their modes of regulation in detail [11, [16] [17] [18] [19] [20] [21] [22] [23] . Here, we review the roles of PTPs in regulating leptin and insulin signaling, with special emphasis on studies performed in whole-organism model systems.
PTPS AND REGULATION OF THE LEPTIN RECEPTOR AND BODY WEIGHT Leptin signaling
Leptin is produced by adipocytes and is secreted into the blood; it affects body weight by activating its receptor in specific populations of neurons in the brain, including in the hypothalamus [24, 25] . The leptin receptor is a type I cytokine receptor that lacks catalytic activity, but is constitutively associated with the tyrosine kinase Janus Kinase 2 (JAK2) (Fig. 1) . Binding of leptin to its receptor induces a conformational change in the receptor, which activates JAK2; JAK2 undergoes autophosphorylation, and then phosphorylates the LR at Tyr 985, Tyr1077 and Tyr 1138 [26] . LR phosphorylation creates binding sites for several SH2 domaincontaining proteins to associate with the LR-JAK2 complex and propagate the leptin signal further [26, 27] .
A major mediator of LR signaling is Signal Transducer and Activator of Transcription 3 (STAT3), whose SH2 domain binds to the LR at Tyr1138. STAT3 is then phosphorylated by JAK2 and translocates to the nucleus to regulate expression of target genes [24, 25] . In a similar manner, phosphorylation at Tyr 1077 recruits STAT5 and mediates its activation. Phosphorylation of the LR at Tyr985 allows recruitment of the SH2 domaincontaining tyrosine phosphatase SHP2, which leads to activation of the ERK-MAP kinase pathway, while JAK2 directly activates the IRS-PI3 kinase pathway [25, 26, 28, 29] (Fig. 2) . As expected of a key physiological process, LR signaling is subject to down-regulation. For example, Suppressor of Cytokine Signaling 3 (SOCS3), whose expression is induced by STAT3, inhibits JAK2 and binds to the LR at Tyr985 in a manner that antagonizes activation of the ERK-MAPK pathway [26] . The activated hypothalamic LR induces expression of the appetite-inhibiting POMC (pro-opiomelanocortin) and CART (cocaine-and amphetamine-related transcript) in specific neurons, while in others it suppresses the appetite-stimulating neuropeptide Y (NPY) and the agouti-related protein (AgRP). Overall, leptin reduces appetite and increases energy use, thus regulating both main processes that affect body weight. Circulating leptin levels are affected by the mass of adipose tissue in the body, and its concentration in blood indicates the level of fat stores available. Leptin also affects many other systems, such as those that determine bone mass and fertility [30] [31] [32] ; these will not be discussed here. Tyrosine phosphorylation plays central roles in regulating the activities of the LR and its downstream effectors, and indeed several PTPs have been shown to be essential in this respect. 
PTP1B
This non-receptor PTP includes an N-terminal catalytic PTP domain that is followed by two proline-rich sequence motifs and a C-terminal hydrophobic tail (Fig. 2) . The C-terminal associates with the endoplasmic reticulum (ER) membrane, and localizes the enzyme to the cytosolic side of the ER. Proteolytic cleavage of this tail releases a truncated PTP1B into the cytosol and increases its specific activity [33] [34] [35] [36] . PTP1B was the first tyrosine phosphatase discovered to regulate body weight and LR signaling in vivo. PTP1B dephosphorylates JAK2 and down-regulates its activity; accordingly, mice that lack PTP1B throughout their bodies are leptin-hypersensitive, exhibit reduced adiposity and are resistant to dietinduced obesity due to increased energy expenditure. As indicated below, these mice also exhibit altered IR signaling [37] [38] [39] [40] . Further studies of several mouse model systems carrying tissue-specific deletions of PTP1B confirmed the key role of hypothalamic PTP1B in this process. Mice lacking PTP1B in CNS neurons, induced by Cre-mediated recombination in nestin-expressing neurons, exhibit reduced weight and adiposity, increased energy expenditure, decreased food intake, and increased leptin sensitivity despite elevated levels of circulating leptin [41, 42] , the latter most likely due to dysregulation of AMP-activated protein kinase (AMPK) [43] . Similar findings were made when PTP1B was targeted by Cre-mediated recombination in neurons specifically expressing the LR or POMC [41, [44] [45] [46] . By contrast, inactivating PTP1B in skeletal muscle, liver or white adipose tissue did not affect body weight; deleting PTP1B in liver improved lipid metabolism, while mice lacking PTP1B in adipose tissue exhibited larger adipocytes, increased circulating leptin levels and reduced leptin sensitivity [47] [48] [49] [50] . Interestingly, a high-fat diet and old age increase PTP1B levels in the hypothalamus [51, 52] , suggesting that PTP1B activity in that tissue is regulated by control of its protein levels.
TC-PTP
Is a ubiquitous non-receptor PTP that is highly similar in structure and sequence to PTP1B (Fig. 2) . Alternative splicing of the TC-PTP mRNA yields a 48 kDa protein that associates with the ER via its Cterminal tail, and a more abundant 45 kDa form that lacks the terminal sequence and is predominantly nuclear. This latter isoform can exit the nucleus following stimulation of cells by any of several factors [36, 53] .
Mice lacking TC-PTP throughout their bodies exhibit broad inflammation and die at the age of 3-4 weeks, a fact that necessitated development of tissue-specific deletions of TC-PTP. Indeed, mice lacking TC-PTP in nestin-expressing neurons exhibit leptin hypersensitivity, increased energy expenditure and are resistant to weight gain induced by high-fat food [54] . Interestingly, when fed regular lab chow, neuronal TC-PTP-deficient mice display decreased body weight, reduced levels of circulating leptin, and increased leptin sensitivity, but also increased relative adiposity (when corrected for body weight). In a manner distinct from PTP1B, TC-PTP targets STAT3; accordingly, combined deletion of both PTPs induces stronger protection from diet-induced obesity and a higher level of leptin sensitivity than loss of either PTP alone [54] . Similar to PTP1B, a high-fat diet increases TC-PTP expression in the hypothalamus, suggesting that it is also regulated by control of its expression [54] .
PTP Epsilon (PTPe)
The gene for PTPe has two promoters, each of which produces a major isoform of the protein -the receptorlike isoform (RPTPe) or the predominantly cytosolic isoform (cyt-PTPe) (Fig. 2) . Both isoforms share most of their sequences, including their PTP domains. They differ only at their N termini, where the transmembranal and extracellular domains of RPTPe are replaced by a sequence of 12 hydrophilic amino acids in cyt-PTPe, thus affecting their cellular localization and physiological roles [55] [56] [57] [58] [59] . RPTPe is expressed in the hypothalamus and has been implicated in regulating LR signaling and body weight. When fed regular chow, mice lacking both forms of PTPe throughout their bodies exhibit normal body weight and normal energy expenditure. However, when the mice are moved to a high-fat diet, female PTPe-deficient mice exhibit increased energy expenditure levels and are resistant to diet-induced obesity compared to matched controls [60] . RPTPe exerts this activity by inhibiting LR signaling via dephosphorylating JAK2 [60] . Although this mode of action appears similar to that of PTP1B, the molecular mechanisms that regulate participation of these two PTPs in LR signaling are distinct. In contrast to PTP1B, which is regulated via its expression levels, RPTPe is regulated by LR-dependent tyrosine phosphorylation. Activation of the LR induces phosphorylation of RPTPe at its C-terminal Y695, most likely by the LR-associated JAK2. Phosphorylation of RPTPe does not appear to change its specific activity [61] , but directs it by yet unknown mechanisms to directly dephosphorylate JAK2. RPTPe thus functions also as part of a negative-feedback regulatory mechanism that down-regulates LR signaling following its activation [60] . The gender-specificity of the LR phenotype of mice lacking PTPe requires further research.
SHP2
The non-receptor PTP SHP2 contains two N-terminal SH2 domains followed by a PTP domain and a C-terminal sequence that includes a proline-rich motif and tyrosine phosphorylation sites (Fig. 2) . SHP2 can assume an inactive, ''closed'' conformation when the N-terminal SH2 domain binds its PTP domain in a phosphorylationindependent manner; binding of this SH2 domain to phosphor-tyrosines can release this association and activate the PTP. C-terminal tyrosine phosphorylation of SHP2 can occur following activation of tyrosine kinase-type receptors, which allows recruitment of signaling mediators such as Grb2 to the PTP and support the signaling process. In other cases, SHP2 catalytic activity can suppress signaling, leading to sometimes conflicting reports of its cellular role ( [62] ; reviewed in [63] ). Mice lacking SHP2 throughout their bodies do not survive [64] , making tissue-specific inactivation of SHP2 necessary to examine its role in LR signaling. SHP2 promotes leptin signaling by binding the leptin receptor at pY985 and promoting downstream ERK signaling [28, 29] . However, SHP2 also inhibits JAK2 and STAT3 signaling, thereby down-regulating receptor activity and illustrating the complexity by which regulation of LR signaling is achieved [65] . The overall effect of SHP2 is to upregulate hypothalamic leptin receptor signaling, as shown by the phenotypes of three distinct strains of mice lacking neuronal SHP2 that have been developed. Inactivation of SHP2 using Cre recombinase driven by the promoters for calcium-calmodulin dependent kinase IIa (CamIIa; expressed in the forebrain and hypothalamus, [66] ), the pan-neuronal CRE3 promoter [67] or the POMC promoter [44] resulted in increased adiposity, increased serum leptin levels and decreased leptin sensitivity, and decreased energy expenditure. Despite their similarity, the leptin-related phenotypes of these three strains are not identical, possibly due to differences in the tissue specificity and timing of Cre-mediated recombination and to the acknowledged role of SHP2 in neuronal development in general [22] . We note that SHP2 binds the LR at Y985, a site to which SOCS3, which inhibits LR signaling, also binds. Down-regulation of LR signaling by loss of SHP2 may thus reflect not only the balance between the activating and inhibitory roles of SHP2 in LR signaling, but also the opportunity offered to SOCS3 to bind the LR and to inhibit its activity without competition from SHP2. In agreement, expression of dominant-active D61A SHP2 in forebrain neurons of mice increased leptin sensitivity, decreased food uptake, increased energy expenditure, and induced resistance to weight gain caused by high-fat food [68] . Interestingly, this latter effect was detected in females, suggesting that SHP2 links estrogen and leptin signaling [68] .
PTEN
Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a tumor suppressor in a wide variety of tumor types [69] . PTEN contains an N-terminal PTP domain followed by a C2 domain, which binds the phospholipid cellular membrane, and a C terminal tail that helps regulate phosphatase function [70] (Fig. 2) . PTEN is a member of the dual-specificity PTP family, which can target pTyr as well as pSer/pThr, and some of its functions, including in metabolic regulation, have been ascribed to its protein phosphatase activity [71, 72] . However, most of its functions are mediated by its dephosphorylation of the lipid phosphatidylinositol (3,4,5)-trisphosphate (PIP3) at position 3 to generate PI(4,5) bisphosphate (PIP2). As such PTEN counters the activity of PI3 kinase and inhibits signaling pathways, such as the leptin and insulin pathways, that activate this lipid kinase. PTEN affects leptin signaling somewhat distal to the LR and its immediate molecular surroundings, and targets a molecular process that is common to many signaling pathways. It is therefore not surprising that the effects of manipulating PTEN vary considerably depending on the precise cellular compartment that is targeted (reviewed in [73] ). For example, targeting PTEN in LR-expressing neurons decreased body weight and adiposity and increased oxygen consumption [74] , but overexpressing PTEN in the same subset of neurons did not affect these parameters [75] . Moreover, targeting PTEN in POMCexpressing neurons and in the ventromedial hypothalamic nucleus resulted in the opposite phenotype of increased body weight that in the case of the former model system was sex-and diet-dependent [76, 77] . In these two model systems, the body weight phenotype is most likely the result of dysregulation of neuronal insulin signaling, which affects cell polarization and energy balance, and not a direct effect on LR signaling [22, 76, 77] . Leptin resistance, characterized by a reduced response of the LR to leptin, is a serious physiological phenomenon that is present in most obese humans and precludes use of leptin as a drug to treat most obesity cases. The finding that loss of most of the PTPs discussed above results in a leptin-hypersensitive phenotype suggests that PTPs, either individually or acting in concert, are part of the molecular system that regulates leptin sensitivity in vivo. It is tempting to speculate that inhibition of select PTPs in obese individuals may restore normal leptin sensitivity and allow use of leptin to combat obesity. The complexity that characterizes regulation of physiological processes makes it essential to fully understand the molecular details by which each PTP acts in order to ensure that inhibiting a specific PTP will yield the desired effects.
PTPS AND REGULATION OF INSULIN SIGNALING AND GLUCOSE

HOMEOSTASIS Insulin signaling
Insulin is secreted by the b cells of the pancreas in response to rising concentrations of glucose in the circulation. Insulin binds to the insulin receptor, which is an integral membrane receptor-type PTK (Fig. 3) . The IR is composed of two extracellular a-subunits that bind insulin, and two transmembranal b-subunits, whose cytosolic domains possess tyrosine kinase activity. Binding of insulin to the IR a subunits activates the b subunits, leading to their autophosphorylation at tyrosines 1158, 1162, and 1163 in the activation loop and at the juxtamembranal Y972, and induces the IR to phosphorylate target proteins such as insulin receptor substrates (IRS) [78] . Tyrosyl phosphorylated IRS proteins provide docking sites for several SH2 domain-containing proteins, including the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K). PI3K, which is recruited to the vicinity of the plasma membrane, phosphorylates PIP2 to generate PIP3, and subsequently activates protein kinase B (PKB/ AKT). PI3K/AKT signaling mediates the metabolic actions of insulin, including increasing uptake of glucose into muscle cells and reducing glucose production in the liver [79] . Recruitment of the SH2 domain-containing proteins Grb2 and Shc to the IR activates the Ras-MAPK pathway, which mediates the mitogenic effects of IR signaling [80, 81] . Given the importance of tyrosine phosphorylation in insulin signaling it is not surprising that several PTPs were found to regulate this pathway and may therefore have an important role in insulin resistance, type 2 diabetes and the metabolic syndrome [4, 22, 36] .
PTP1B
PTP1B has been a focus of extensive research revealing its central role in obesity, insulin resistance and diabetes [37] [38] [39] [40] 42, 44, 47, 48, 82] . PTP1B forms a physical complex with the activated IR and dephosphorylates it at Y1162 and Y1163, while expression of exogenous PTP1B in cells can inhibit IR signaling [36] . Starting in 1999, two key studies showed that in addition to reduced adiposity, mice lacking PTP1B throughout their bodies exhibit improved glucose homeostasis with enhanced insulin sensitivity, as well as increased insulin-induced phosphorylation of the IR in liver and muscle tissue compared with wild-type littermates [37, 38] . PTP1B-/-mice also show reduced hepatic secretion of apolipoprotein B (apoB100) lipoproteins, one of the hallmarks of the lipid abnormalities of the metabolic syndrome [83] . Later studies of mice lacking PTP1B in specific tissues enabled the dissection of the role of PTP1B on whole-body glucose homeostasis. Mice lacking PTP1B in their liver exhibit enhanced phosphorylation of the insulin receptor at IR b Y1162/ Y1163 and improved glucose homeostasis and lipid profiles, independent of changes in adiposity; similar improvement was obtained when PTP1B was reexpressed in mice lacking PTP1B throughout their bodies [48, 84] . Liver-specific PTP1B knockout mice also exhibited attenuated diet-induced ER stress, an additional mechanism by which high-fat and high calorie Western diets lead to insulin resistance [85] . Muscle-specific PTP1B-deficient mice exhibited significant improvement in whole-body glucose homeostasis on both chow and high-fat diet, despite comparable body weight and adiposity [47] . Interestingly, loss of PTP1B in the brain generated not only leptin hypersensitivity as discussed above, but also insulin hypersensitivity and improved glucose tolerance [42] . Eliminating expression of PTP1B in neurons expressing POMC resulted in substantially improved glucose homeostasis on a high-fat diet irrespective of weight change [44] ; similar findings were made with mice lacking PTP1B in LRexpressing neurons [41] . These data agree with other studies demonstrating a brain-liver circuit, by which the central effect of insulin regulates hepatic glucose production [86, 87] . Elimination of PTP1B expression in white adipose tissue reduced IR signaling somewhat, possibly due to interactions with other signaling pathways, but did not alter insulin signaling significantly [49] . PTPe and SHP2 also inhibit IR signaling, although the precise molecular mechanisms require added studies.
Taken together these data imply that PTP1B is a key central negative regulator of insulin signaling in the liver, muscle, and brain and its inhibition in any and all these tissues improves the metabolic profile of insulin resistance [22, 36] .
TC-PTP TC-PTP is expressed ubiquitously, including in insulin-sensitive tissues such the brain, liver, white adipose tissue and skeletal muscle. Like its close structural relative PTP1B, TC-PTP negatively regulates insulin signaling by dephosphorylating IRb at Y1162/ Y1163 [88] . In cells, the two PTPs were found to function in a coordinated and temporally distinct manner to regulate IR phosphorylation and signaling [89] . PTP1B can dephosphorylate JAK2, but not JAK1 and JAK3, in contrast to TCPTP that dephosphorylates JAK1/3, but not JAK2 [90] . Since mice lacking TC-PTP throughout their bodies die at an early age, the metabolic roles of TC-PTP were examined initially in mice that were heterozygous for the TCPTP null allele [91] . These mice exhibited reduced levels of fasting glucose and of hepatic glucose production, decreased gluconeogenic gene expression and enhanced signaling by STAT3 and PI3K/AKT. Insulininduced phosphorylation of the IR at Y1162/1163 was also enhanced in hepatocytes isolated from these mice [91] . In contrast to the regulatory role of TC-PTP in the liver, lack of TC-PTP specifically in muscle does not alter insulin signaling and glucose homeostasis in mice [92] . Another tissue that influences systemic insulin sensitivity is bone. Recent data show that insulin signaling in osteoblasts contributes to whole-body glucose homeostasis by increasing the activity of osteocalcin. Interestingly, TC-PTP is similar to another PTP, ESP, that regulates insulin receptor phosphorylation in osteoblasts; osteoblast-specific deletion of TC-PTP increased insulin sensitivity in an osteocalcin-dependent manner [93] .
PTPe Both the receptor-type isoform of PTPe and its cytosolic, soluble form inhibit insulin signaling in cultured cell lines [94] [95] [96] [97] . Adenovirally-induced expression of PTPe in mouse liver activated PEPCK expression, which catalyzes the rate-controlling step of gluconeogenesis [94] . In addition to their leptin-related body weight phenotypes described above, mice lacking PTPe exhibit improved glucose homeostasis both when fed regular chow or high-fat food, and irrespective of their body weight [60] . Increased AKT phosphorylation was demonstrated in liver and muscle of PTPe-deficient male mice [60] . In another study, both the basal and insulin-induced increase in IR and IRS-1 tyrosine phosphorylation were significantly greater in cultured primary skeletal muscle cells from PTPe knockout mice compared with similar cells from wild type mice [95] . Glucose homeostasis phenotypes were somewhat stronger in male mice, implying that negative regulation of insulin signaling by PTPe may have a sex dependence of unknown basis.
SHP-1
SHP-1 is a hematopoietic PTP, but is also expressed in many tissues including the liver and to a lesser extent the muscle. SHP1 is closely related to SHP2; like SHP2, SHP1 contains two N-terminal SH2 domains, a single PTP catalytic domain, and a C terminal sequence that can undergo phosphorylation (Fig.  2) . SHP1 can be inhibited by association of its N-SH2 domain with its PTP domain, an association that is released upon cell stimulation [98] . Viable motheaten mice, which express a naturally-occurring, catalytically defective mutant of SHP-1, exhibited improved glucose tolerance and increased insulin sensitivity in the liver and muscle due to enhanced IR signaling to IRS-PI3K-AKT [99] . Increased insulin sensitivity was also observed with adenoviral expression of a catalytically inert mutant of SHP-1, or after small hairpin RNA-mediated SHP-1 silencing [99] . In another more recent study, liver-specific SHP1 knockout mice develop obesity similar to control wild-type littermates, but they exhibit improved glucose tolerance and insulin sensitivity [100] . SHP-1 therefore inhibits IR signaling, most likely by regulating PI3K signaling. Under basal conditions, the p85 regulatory subunit of PI3K keeps the p110 catalytic subunit stabilized and inactivated. This inhibitory activity of p85 is relieved by binding of its N-terminal SH2 domain to Src family kinases, binding that is reversed by the association of SHP1 to maintain the inhibition of PI3K activity [81, 101] .
SHP-2
In vitro experiments regarding the function of SHP2 in IR signaling have yielded conflicting results, suggesting both negative and positive regulatory roles [102] [103] [104] . However, recent animal studies show that overall, SHP-2 negatively regulates insulin action [105, 106] . Mice with a liver-specific SHP-2 deletion exhibited improved insulin sensitivity, increased glucose tolerance, and increased insulin-dependent suppression of hepatic gluconeogenesis compared with controls [105, 106] . Liverspecific SHP-2-deficiency impeded the development of insulin resistance following exposure to a high-fat diet, and reduced hepatic ER stress, steatosis and inflammation compared with control mice [106] . Mice lacking SHP2 in striated muscle exhibited insulin resistance, glucose intolerance and reduced uptake of glucose following insulin stimulation [107] . Deletion of SHP2 from beta cells of the pancreas resulted in reduced glucose-induced insulin secretion and reduced glucose tolerance [108] . In contrast, deletion of SHP2 from white adipose tissue did not affect IR signaling and glucose homeostasis [109] . Inactivation of a floxed allele of SHP2 in the forebrain and hypothalamus using CamIIa-Cre [66] or the pan-neuronal CRE3-Cre [67] resulted in significant insulin resistance, manifest also as increased levels of glucose and insulin in circulation. Deletion of SHP2 from POMC-expressing neurons yielded similar phenotypes [44] . These mice are obese due to disrupted LR signaling; when mice of similar weight and body fat were compared, no differences were found in circulating glucose levels and hepatic glucose production, suggesting that insulin resistance in these mice might be secondary to their increased weight [44] .
PTEN PTEN affects insulin signaling mainly by dephosphorylating PIP3 into PIP2, leading to reduced activation of its downstream AKT, a key effector kinase for the metabolic effects of insulin. Mice lacking one copy of PTEN exhibited enhanced insulin sensitivity and glucose tolerance [110] . Tissue-specific knockout of PTEN in liver, muscle and adipose tissue increases insulin sensitivity and improves glucose tolerance, but was accompanied by increased fat deposits in the liver [111] [112] [113] . Interestingly, patients with Cowden syndrome, a rare condition characterized by a high risk for number of different cancers caused by germline mutations in PTEN, exhibited enhanced insulin sensitivity together with increased AKT phosphorylation despite being more obese compared to controls [114] .
PTP INHIBITION AND THERAPY
The past several decades have witnessed success in designing small molecule inhibitors of PTKs and their introduction into clinical use as therapies for various diseases. Key factors in making this possible include detailed molecular-level understanding of the roles PTKs play in disease-related processes, design of relatively specific inhibitors of PTKs that are suitable for use in vivo in humans, and the massive commitment of academia and the pharmaceutical industry to this endeavor. The roles of PTPs in regulating key physiological processes and their close functional interactions with PTKs suggested that inhibition of PTPs would also be useful in fighting disease. This notion was strengthened significantly by the reports that PTP1B is a negative regulator of both the IR [37, 38] and LR [39, 40] in vivo. Moreover, data derived mainly from animal models, such as that summarized here, demonstrate that targeting several PTPs leads to increased leptin and insulin sensitivity with amelioration of most metabolic abnormalities of the metabolic syndrome including obesity, hyperglycemia, hyperlipidemia and fatty liver. Consequently, researchers in academia and industry have invested efforts in designing various types of PTP inhibitors (e.g. [82, 115, 116] ). While many useful inhibitors for PTPs have been found, it appears that inhibiting PTPs for pharmaceutical use is more complex than believed initially (reviewed in [117] ). For example, PTP substrates are typically negativelycharged phospho-tyrosines; a typical competitive inhibitor would also be charged, thereby reducing its ability to penetrate into cells and access PTPs. Specificity of inhibitors to particular PTPs has been another challenge. Consequently, efforts are being invested also to design alternative strategies for PTP inhibition in vivo, such as allosteric inhibitors or inhibition by stabilizing inactive forms of the PTP at hand. For example, PTPs are inhibited transiently by reactive oxygen species that are formed near activated receptors [20, [118] [119] [120] [121] . Haque and colleagues [82] have designed conformation-sensitive, single-chain variable antibody fragments that can be expressed within cells, and which bind only the oxidized, inactive form of PTP1B. Expression of these fragments in cells inhibited PTP1B activity and increased IR signaling [82] . It is appealing to suggest that small molecules that function similarly and bind oxidized, inactive PTP molecules may sequester these molecules and prevent their re-activation by reduction, thus effectively inhibiting PTP activity. A major challenge in the field is then to transform the significant knowledge of the chemistry and physiological roles of PTPs into clinical therapies.
